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Abstract. The Zeeman splitting at moderate magnetic ﬁelds (up to 334 G) of 20 lines of Nd II, covering
the part 569.89 nm to 617.05 nm of the visible spectral range were investigated. We used a Doppler-free
collinear laser ion beam spectroscopy technique supported by a precise computer analysis. From the Zeeman
eﬀect studies we re-investigated the Lande´ gJ factors for 20 odd levels between 22 850 and 30 002 cm
−1
and 11 even levels lying between 6005 and 12 460 cm−1. We compared our data with other available
experimental and theoretical values. We achieved an accuracy better than that of other authors, making
our data valuable for future theoretical parametric studies.
1 Introduction
Generally, neodymium has one of the most complex spec-
tra of all elements with hundreds of known and classiﬁed
energy levels [1]. From the studies of some infrared lines,
Blaise et al. gave 687 and 684 levels for Nd I and Nd II [2],
respectively. Few years later, Blaise and Wyart [3] have in-
creased number of Nd II levels by 126. Additionally, the
presence of 7 stable isotopes in the naturally occurring
neodymium with comparable abundances (142–23%, 143–
13%, 144–25%, 145–9%, 146–18%, 148–6% and 150–6%)
and the related signiﬁcant isotope shifts makes the inter-
pretation of highly resolved spectra even more diﬃcult
task. The isotope shifts vary from line to line and the
two odd isotopes (143 and 145) with their complex hyper-
ﬁne (hf) structure (both have the same large nuclear spin
quantum number I = 7/2 and high magnetic dipole and
electric quadruple moments) contribute to the complexity.
In our opinion all fully threaten ab initio methods
fails in the interpretation of the Nd I and Nd II com-
plex spectra. Perhaps the only reasonable choice would
be the Racah-Slater parametric method, where radial in-
tegrals are treated as adjustable parameters and CI pa-
rameters for two-particle electrostatic interactions at the
second order of perturbation are chosen properly. In many
cases this method gave theoretical energies, level designa-
tions, hyperﬁne constants, isotope shifts and Lande´ gJ
factors with acceptable accuracy. Although this approach
is very versatile and gives accurate results, it has one week
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point: it requires the knowledge of some spectroscopic data
(usually taken from the experiment) to which the parame-
ters could be ﬁtted, enabling in this way the access to val-
ues of other unknown spectroscopic data. The accuracy
of the experimental input data is crucial, because even
small variations could lead to bad analysis of the complex
atomic structure [3]. A very extensive recent theoretical
interpretation of the odd parity levels in Nd II was pre-
sented by Wyart [1], who gave the designations for 596
odd levels of the mixed conﬁgurations 4f35d6s, 4f35d2,
4f36s2, 4f46p and 4f5 with 53 cm−1 mean error.
At the very beginning of studies of the atomic struc-
ture, wavelengths of observed lines and related energies of
the levels together with Lande´ gJ factors, determined from
Zeeman eﬀect studies, were used as the reference data in
the theoretical studies. Later, together with the progress
in the experimental techniques, they were complemented
(or replaced) by studies of the hyperﬁne structure and
isotope shifts, since many elements gave such opportu-
nity. The isotope shifts and hyperﬁne structure constants
of many Nd II levels were investigated many times in the
past, also recently using high resolution Doppler free spec-
troscopy, e.g. [4–8].
In contrast we noticed, that there are not so many
studies of the Zeeman eﬀect of this element and the vast
majority of the Lande´ gJ factors were determined long
time ago from Doppler limited spectroscopy with accuracy
of ±0.01 unit [2]. This accuracy allows only the conclusion
that the ﬁne structure description is globally correct, but
there are many unsatisfactory details especially in the re-
gions where the average level spacing is small [1].
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Due to the reasons given at the beginning of this
section (the isotopic composition, large number of lines,
hyperﬁne structure), the use of classical Doppler limited
spectroscopy to study the Zeeman eﬀect is very risky. All
factors will likely aﬀect the accuracy of the obtained data,
unless one uses a specially prepared sample with one en-
riched isotope. Thus Doppler-eﬀect-free methods seem to
be more adequate. In our previous studies [9] we already
have used a Doppler free method to study the Zeeman ef-
fect of Nd II lines. Since that time we have modiﬁed some
details of the experiment in order to increase the signal
to noise ratio and to observe weaker Nd II transitions in
the wavelength region of our laser system and to study
other levels. In addition, we were able to record Zeeman
patterns at magnetic ﬁelds of approx. 330 G, for isotopes
with mass number 143 and 145, showing hyperﬁne struc-
ture splitting, and for isotope 142 without hf structure.
Besides the application to the theoretical interpreta-
tion of the spectra of the element, accurate spectroscopic
parameters, i.e. Lande´ factors, are of interest for astro-
physics. Many lines were observed in stellar spectra (es-
pecially in chemically peculiar stars). In magnetic stars
the presence of external magnetic ﬁelds in addition to the
hyperﬁne structure and isotope shifts causes broadening of
the lines in high resolution stellar spectra. If all the con-
tributions to the ﬁnal absorption line proﬁle would not
be properly accounted (the hyperﬁne structure, isotope
shifts or presence of magnetic ﬁelds), this could lead to an
overestimation of the abundance of the element or other
important astrophysical parameters.
The aim of the present work is to re-investigate with
the use of fast ion beam laser spectroscopy the Zeeman ef-
fect of some weaker lines of Nd II at weak magnetic ﬁelds
using selective Doppler-free laser excitation. The Lande´
gJ factors obtained in this way provide an accuracy which
could be suﬃcient to serve as good reference data for para-
metric studies of Nd II.
2 Experiment and computer analysis
Like in previous papers [9,10], the measurements were per-
formed on the CLIBS apparatus named after its original
localization, MARburg Separator MARS-II, ﬁrst installed
at the University of Marburg a.d. Lahn (Germany) and
moved 2002 to Graz (Austria).
Details of the apparatus were given in [9–11]. A
continuous-wave narrow band tunable ring-dye laser
(with line width ca. 1 MHz, and typical power density
15 mW/mm2) was stabilized and tuned to a certain tran-
sition. Neodymium ions were produced by a resistance
heated oven (thermal ionization), accelerated to approx.
19 keV energies, and an ion beam was formed and guided
through a powerful electromagnetic mass separator by
some ion optic components. The mass separator allowed
to investigate the diﬀerent isotopes separately. The laser
beam was oriented anti-parallel to the ion beam. The
laser light was continuously exciting fast Nd ions from
metastable levels to high lying levels, whereupon ﬂuores-
cence decay was observed through a ﬁlter to block scat-
tered laser light.
Compared to our previous experiment [9,10] we in-
troduced several modiﬁcations (given in details in [12]),
mainly connected with the improvement of parameters of
the ion beam. In this way, we have increased signiﬁcantly
the signal-to-noise ratio (S/N) and the density of the ions
in the beam. This directly allowed the investigation of pre-
viously too weak Nd II transitions with now suﬃcient S/N
giving access to more levels to be re-investigated. The ﬁne
details of the experiment are available upon request.
A homogeneous magnetic ﬁeld perpendicular to the ion
beam was produced by two strong permanent neodymium
magnets. The ﬁeld strength and its distribution was mea-
sured with a Hall eﬀect Gauss-meter (Applied Magnetics
Laboratory model GM1A – probe model PB71-10) with
an accuracy of 0.25% of the reading, and was conﬁrmed
in situ by recording the Ba II 585.368 nm (6p 2P3/2 → 5d
2D3/2) transition, for which the Lande´ factors of the in-
volved levels are known with good accuracy: 1.328(8) [13]
and 0.7993278(3) [14] for lower and upper level, respec-
tively. By simply changing the alignment of the magnet
bars we have produced two values of static magnetic ﬁelds,
235 (2) G and 334 (2) G, respectively, at which we have
recorded the patterns.
A very important part is the proper interpretation
of the experimental hf-Zeeman patterns. We have used
a software developed in our group (for details see [15]),
which proved its usefulness for many elements, e.g.
Antimony [16,17], Lead [18], Bismuth [19–21], Lanthanum
and Praseodymium [23,24]. In case of the Nd isotopes
with hyperﬁne structure, 143 and 145, in simulations we
have used the most recent hyperﬁne constants reported
by [5,6,8].
3 Results and discussion
In the present studies, using nearly Doppler-eﬀect-free
collinear laser-ion beam spectroscopy, we were able to
analyze the Zeeman splittings of 20 lines of Nd II in
the range between 569.892 nm and 617.048 nm. Figure 1
presents typical recorded hyperﬁne and Zeeman structures
of the observed lines. Thin lines represent the experimen-
tal traces and the thick solid lines are best ﬁts with the-
oretical proﬁles. The typical observed line widths varied
from 50 MHz up to 120 MHz, depending on the observed
transition. The main contributions to the observed line
widths are coming from: natural line widths, ripple of the
acceleration voltage, thermal spread of the velocity of the
ions in the high temperature oven, and laser frequency in-
stability. In case of discrete nature of data collected dur-
ing experiment, the line position error can be estimated
from relationship [22]: Δσ ∼W/√N , where W is the half
width of the line, and N is the number of data points in
the width W . Typically we used a scanning step of 5 MHz,
what gives a line position accuracy between 16 MHz and
25 MHz.
Our computer software ﬁtting yielded accurate val-
ues of the Lande´-gJ factors of 20 odd Nd+ levels between
22850 and 30 002 cm−1, presented in Table 1 and 11 even
levels lying between 6005 and 12 460 cm−1, presented in
Table 2.
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Fig. 1. Recorded Zeeman patterns of the 574.815, 590.665 and 603.127 nm lines of 142Nd II, 143Nd II, and 145Nd II isotopes
(ΔM = ±1 components at 235 G magnetic ﬁeld). The thin line represents the experimental pattern and the thick line shows
the computer-generated best ﬁt contour. The dotted line presents the calculated zero ﬁeld hf pattern of the line.
The experimental uncertainties (σg – standard devia-
tion) given in Tables 1 and 2 were determined from sev-
eral independent measurements, obtained at diﬀerent pat-
terns of the line recorded for two polarization directions
and two magnetic ﬁeld values. Additionally, for certain en-
ergy levels, the presented ﬁnal values were obtained from
the weighted mean values of more than one line and/or
isotopes, where one possible choice for the weights wi is:









The magnetic ﬁelds were measured with certain accuracy
(ΔB= ± 2 G), what in principle introduces additional un-
certainty to the obtained Lande´ factors. We estimate this
contribution from the law of propagation of uncertainty
as: gJ(ΔB/B).
The total standard error of the mean σ˜gw includes
mean standard deviations and a term which takes into ac-
count the uncertainty of determination of magnetic ﬁeld,











Because a single level can be involved in several transi-
tions, for two odd and six even levels Lande´ factors were
measured at other transitions in our previous paper [9].
Although we have increased the sensitivity and studied
systematically weaker Nd II transitions than in previous
studies, we did not avoid the repetition of the measure-
ments in case of such levels. All results are in agreement
with the earlier data and can now serve as a control values.
In summary, we introduce re-determined data of Lande´ gJ
factors for 23 more levels of Nd II.
4 Conclusions
According to the NIST spectral line compilation [25], in
the narrow wavelength range between 569.892 nm and
617.048 nm there are 50 identiﬁed lines of Nd I and Nd II.
More recent experimental studies [2] give 136 lines of Nd
I-II (many were still unclassiﬁed) in the same wavelength
range.
From parametric studies performed by Wyart [1] we
know that there are approx. 260 odd levels in the 22 850–
30 002 cm−1 energy range. Together with our recent
work [9] we have re-investigated 30 odd levels (11.5% of
all possible levels in this energy range). Globally, there
are 241 even known levels of Nd II [26], besides them 55
with energies below 12 460 cm−1. Present data on Lande´
factors together with data given in [9] gives 12 even levels
(22% of all known levels in this range).
We have noticed discrepancies between conﬁguration
designations of four odd levels, presented in Table 3.
The table contains the percentage of contribution from
the leading conﬁguration in the conﬁguration interaction
parametric studies from references [1,3]. However, calcu-
lated in both works Lande´ gJ factors are favoring the data
and leading conﬁguration assignment of [3] (please com-
pare the data given in Tab. 1 with present experimental
results). This example demonstrates that, even in general
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Table 3. Discrepancies of some present Nd II level desig-
nations, between two available theoretical parametric studies
(Refs. [1,3]).
Level Conﬁguration Conﬁguration
energy (leading component) (% of contribution)
[cm−1] Ref. [3] Ref. [1]
28 856.898 4f46p 4f35d2 (54%)
4f46p (24%)
26 328.010 4f35d6s 4f35d2 (49%)
4f35d6s (33%)
25 876.559 4f46p 4f35d6s (55%)
4f46p (37%)
25 044.675 4f46p 4f35d2 (42%)
4f46p (39%)
the interpretation of the Nd II spectra is almost complete,
there are still some inconsistencies for some levels. In the
parametric studies, both authors used practically the same
experimental data on Lande´ gJ factors, known with accu-
racy of ±0.01 unit. In case our present experimental stud-
ies we have achieved a better accuracy of the determined
Lande´ gJ factors than other authors.
Summarizing, there is still lot of work to be done in
the ﬁeld of studies of the Lande´ gJ factors in Nd II. How-
ever, we hope that the presented data may be suﬃcient
and encouraging for performing more extensive theoreti-
cal parametric studies for a better interpretation of the
complex Nd II spectrum.
Unfortunately, in the presented method of Doppler-
free laser induced spectroscopy, the excitation is limited
by the fact that only metastable low-lying states can
serve as lower states of the laser excitation. Thus only
a limited number of transitions can be studied. Recently,
we have demonstrated [23,24] an alternative experimental
method (use of a of liquid nitrogen cooled hollow cathode
discharge lamp with selective optogalvanic and ﬂuores-
cence laser spectroscopy) to perform similar Zeeman eﬀect
studies of the rare earth element atoms (lanthanum and
praseodymium), characterized also by very dense spectra.
Although this method is Doppler-limited it can give access
to a much higher number of levels to be excited. However,
this method (the hollow cathode source) would likely fail
in case of neodymium spectra when using natural Nd due
to the presence of 7 isotopes with comparable abundances
and isotope shifts associated with this. Additionally, the
hyperﬁne structure components of the two 143 and 145
isotopes makes the patterns even more blurred. The prob-
lem could be solved by (expensive) enriched Nd samples
(even isotopes with I = 0) for the inner wall of the hollow
cathode.
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